turfgrass germination have been reported by numerous researchers. Decreased germination has been reported for Poa trivialis L. (Camberato and Martin, 2004) , Poa pratensis L. , and Lolium perenne L., Agrostis palustris Huds., fi ne fescue, and Puccinellia distans (Jacq.) Parl. (Harivandi et al., 1982) . Contrasting results have been reported for tall fescue. Serena et al. (2012) reported fi nal germinations of >75% in tall fescue irrigated with saline water with EC up to 22.5 dS m −1 , while other studies reported reduced germination with increasing salinity (Horst and Beadle, 1984; Zhang et al., 2011) . Th e majority of salinity tolerance studies have been conducted in greenhouses, under controlled-environment conditions. In arid and semiarid regions, however, grasses grown under fi eld conditions can be exposed to additional environmental stresses such as drought, cold, or heat, which may enhance the eff ects of salt stress. Th erefore, the results of fi eld studies might diff er from those of greenhouse studies. In a growth chamber study, Serena et al. (2012) documented decreasing germination with increasing salinity for seashore paspalum (Paspalum vaginatum Sw.) and generally lower germination in comparison with bermudagrass at any salinity level. Conversely, Schiavon et al. (2012) reported that seashore paspalum and bermudagrass established equally fast when grown under saline fi eld conditions. Although several germination studies have been conducted using cool-season species, little is known about fi eld emergence and establishment of these species using saline water.
When irrigating with impaired waters, uniform irrigation systems are necessary to provide high turf quality with the minimum water required while helping to leach salts from the root zone (Duncan et al., 2009) . Turfgrass areas are frequently irrigated with ineffi cient sprinkler systems (Devitt and Morris, 2006) , however, which cause reduced plant stand quality and increased irrigation water consumption due to sprinkler mismatch, wind drift , and evaporation losses. Th e results of a survey of >6800 irrigation audits conducted throughout the Southwest indicated that the average residential irrigation system has a distribution uniformity of 50%, regardless of the type of sprinkler head being used (Mecham, 2004) . Irrigation systems with such low distribution uniformities require increased run times to adequately water the drier portions of the turf area, which in turn results in a higher water use rate compared with systems with a good distribution uniformity.
Subsurface drip irrigation (SDI) and SCI (subsurface drip lines surrounded by a patented membrane) off er an alternative to sprinklers and are reported to irrigate more effi ciently because they apply water from emitters placed within the root zone. Several studies have shown that quality does not decrease with time if turf areas are irrigated from SDI systems (Moore, 2006; Schiavon et al., 2010 Schiavon et al., , 2011 Sevostianova et al., 2011a Sevostianova et al., , 2011b . Arguments against the use of subsurface irrigation include high installation costs, diffi culty in determining spacing and depth of pipes or emitters, the inability to establish turf from seed when irrigated from below the surface, and the inability to leach salts. Schiavon et al. (2012) demonstrated that warm-season turfgrasses could be successfully established from seed using SDI and saline water. Establishment was delayed under SDI, however, when compared with a traditional sprinkler system. Th e diffi culty of SDI in leaching salts in the absence of adequate rainfall events has also been documented (Sevostianova et al., 2011a (Sevostianova et al., , 2011b Schiavon et al., 2012) . Th ese researchers reported higher EC, Na adsorption ratio (SAR), and Na values on plots irrigated with SDI compared with sprinkler-irrigated plots; however, warm-season grasses such as seashore paspalum, bermudagrass, and inland saltgrass [Distichlis spicata (L.) Greene] and cool-season species like tall fescue did not exhibit a decline in summer quality despite salinity fl uctuations in the root zone.
Information is lacking as to whether or not establishment of cool-season turfgrasses can be achieved when SCI is used in combination with saline water. Th e objective of this research was to investigate the establishment of tall fescue and Kentucky bluegrass using two diff erent irrigation systems (SCI and a pop-up sprinkler) and two diff erent water qualities (potable and saline).
MATERIALS AND METHODS
Th e study was conducted at New Mexico State University's Turfgrass Salinity Research Center in Las Cruces, NM (arid, 1265-m elevation), during two growing seasons (2009-2010 and 2010-2011) to investigate the establishment of Justice tall fescue (Pennington Seed) and Barduke Kentucky bluegrass (Barenbrug) irrigated using either SCI or an overhead irrigation system in combination with saline or potable water. Th e soil at the site consisted of a sandy loam (a sandy-skeletal, mixed, thermic Typic Torriorthent)-an Entisol typical of arid regions. Monthly average temperature, precipitation, and reference evapotranspiration (ET 0 ) at the research site, and 30-yr monthly averages for air temperature and precipitation (Western Regional Climate Center, 2012) are listed in Table 1 .
Tall fescue plots were seeded on 28 Sept. 2009 and 28 Oct. 2010 at a rate of 40 g m −2 , and Kentucky bluegrass was seeded on 28 Oct. 2010 only at a rate of 10 g m −2 . Seeding rates amounted to 19,000 and 25,000 seeds m −2 of tall fescue and Kentucky bluegrass, respectively. At the completion of the fi rst establishment period of the tall fescue plots, the entire area was sprayed with glyphosate [RoundUp Quick Pro, Monsanto; N-(phosphonomethyl) glycine] at a rate of 270 g a.i. L -1 in a spray volume of 400 L ha −1 on 10 Aug. 2010 to remove any existing vegetation in preparation for the experiment to be repeated. In addition, the area was irrigated daily with potable water for 30 d to leach salts that had accumulated in the root zone during the fi rst establishment period. Before each seeding, Milorganite organic fertilizer was applied at a rate of 3 g N m −2 and plots were subsequently hand raked to cover the seed. A total of 75 g N m −2 , 75 g P 2 O 5 m −2 , and 75 g K 2 O m −2 were applied from October 2009 to August 2010 and from November 2010 to August 2011 to provide suffi cient nutrients for the turf to establish. Plots were mowed at a height of 5 cm beginning on the last week of March in both years. Weeds were removed manually during both establishment periods.
Irrigation consisted of either potable (EC = 0.6 dS m −1 ) or saline (EC = 2.8 dS m −1 ) water, which originated from a saline aquifer in close proximity to the research site. Th e saline water was classifi ed as very high in salinity and low for Na hazard (C4-S1) (U.S. Salinity Laboratory, 1954) and matched the salinity of recycled water used for turf irrigation in the Southwest (Huck et al., 2000; Duncan et al., 2009) . Chemical constituents in the irrigation waters are listed in Table 2 . Subsurface capillary irrigation was provided by a Kapillary Irrigation Subsurface System (KISSS America) operated at 200 kPa with an emitter delivery rate of 1.6 L h -1 . Th e SCI drip lines were surrounded by a patented membrane consisting of a geotextile material covering the top of the drip line and a sheet of thin plastic surrounding the bottom of the line. Th e membrane extends 5 cm beyond either side of the drip lines. Th e membrane encloses the entire drip line and is purported to ensure a more even water distribution around the emitter lines (KISSS America, 2011) . Because this technology increases moisture retention around the drip lines due to inhibited leaching, however, salinity accumulation may occur and aff ect root development and turfgrass quality. Subsurface capillary irrigation lines were installed following the manufacturer's recommendations at a soil depth of 10 cm with lines spaced 60 cm apart and emitters spaced at 30 cm on the lines. Overhead irrigation was applied by Toro MPR spray nozzles operated at 200 kPa. Sprinkler heads were installed in each corner and along the sides of the plots, and grasses were irrigated throughout the investigative period at 120% of ET 0 (Allen et al., 2005) . Irrigation amounts were calculated every Monday morning based on the previous week's cumulative ET 0 and plots received a daily equivalent of 17% of the total weekly ET 0 . Climate data used to calculate ET 0 were collected at a weather station located at the study site. Irrigation for each sprinkler and subsurface drip main block was regulated by a separate solenoid valve and pressure regulator. Irrigation audits conducted prior and during the establishment periods ensured that the distribution uniformity was never <0.8 for the sprinkler-irrigated plots. Visual inspection of the drip-irrigated plots ensured that wetting fronts from drip lines reached the soil surface and moistened the soil uniformly. Irrigation water use for each irrigated block was recorded by means of water meters (Invensys Process Systems), and run times were calculated based on emitter and sprinkler delivery rates compared with water meter readings.
Seedling emergence was recorded at 30 DAS. Seedlings were counted inside a 7.6-cm-diameter frame at three locations selected randomly within each plot, and counts were subsequently averaged for each plot. Digital image analysis was used to evaluate stand establishment (Richardson et al., 2001; Karcher and Richardson, 2005; Schiavon et al., 2012) . Th ree pictures per plot were taken randomly, analyzed for coverage, and averaged for statistical analysis. Each image covered an area of 0.9 by 1.1 m. Images were taken beginning on 26 Oct. 2009 (28 DAS) and on 22 Nov. 2010 (25 DAS) using a Canon PowerShot A570 digital camera. Th e camera was housed in an enclosed box that provided uniform light conditions from four halogen bulbs placed at each corner of the box (Ikemura, 2003) . Pictures were taken every 2 wk from germination of the seed until the end of the establishment period.
Soil samples were collected at depths of 0 to 10 and 10 to 20 cm to monitor salinity in the root zone during both establishment periods. Soil samples were collected before seeding on 15 Sept. 2009 as composites from the entire area because it had consisted of desert vegetation before the experiment and had never been irrigated. On 15 March and 15 August of both years, soil samples were collected separately for each plot. Before seeding in 2010, soil samples were also collected separately for each plot to determine if salts that had accumulated during the fi rst year of establishment had been successfully leached from the root zone.
Th e experimental design of the study was a completely randomized block, with water quality as the whole block and irrigation system as subplot treatments. Each treatment was replicated three times. Th e plot size was 5 by 10 m. For the experiment conducted in 2010, grass species was added as a second subplot treatment (5 by 5 m). A scatterplot of establishment vs. DAS (not shown) suggested a nonlinear relationship. A sigmoidal association (Busey and Myers, 1979; was identifi ed to best describe establishment of the turf plots (GraphPad Prism 5.0 for Windows; GraphPad Soft ware). With this model, establishment begins at zero, increases slowly, then rapidly, and progresses asymptotically toward a maximum cover. Establishment was considered successful when 75% ground cover was reached . Th e models were subsequently used to calculate DAS to reach 75% cover for each treatment. Days aft er seeding to reach 75% ground cover (DAS75) and fi nal cover at the end of the growing season were analyzed separately for each year. Data were subjected to analysis of variance (ANOVA) using Proc Mixed in SAS version 9.2 (SAS Institute) followed by multiple comparisons of means using Fisher's protected least signifi cant diff erence test (α = 0.05). 3 show the establishment of tall fescue during 2010 and 2011 and of Kentucky bluegrass during 2011 with irrigation applied either from a SCI or a sprinkler system in combination with either saline or potable water. Th e sigmoidal regressions estimated establishment from seed with regression coeffi cients ranging from 0.88 to 0.97. Sprinkler-irrigated plots that grew in during 2011 established faster than SCI plots, regardless of the salinity level in the water ( Fig. 2 and 3) ; however, all treatments reached 75% of ground cover, and establishment was considered successful.
RESULTS

Figures 1 to
Seedling Density
Th e ANOVA revealed that there was a signifi cant irrigation system eff ect on tall fescue seedling density (Table 3) . Th erefore, the data were averaged across years and water quality and presented separately for each irrigation system. Sprinkler irrigation resulted in a seedling density of 4000 seedlings m −2 (Table 4) . Conversely, 2800 seedlings m −2 were counted on SCI plots.
In 2010, species and irrigation system eff ects on the 30-d seedling density were signifi cant (Table 3) . Th erefore, the data were fi rst averaged across water quality and irrigation system and presented separately for each grass species. Subsequently, the data were averaged across water quality and grass species and presented separately for each irrigation system. In 2010, an average 3500 seedlings m −2 were counted on tall fescue plots but only 2300 seedlings m −2 on Kentucky bluegrass plots (Table 5) . Sprinkler-irrigated plots had an average of 3300 seedlings m −2 and CI plots had 2400 seedling m −2 (Table 5) .
Final Cover
Th e analysis revealed that fescue establishment was signifi cantly aff ected by water quality and type of irrigation system (Table 3) . For this reason, data were fi rst averaged across both years and irrigation systems and presented separately for each water quality.
Subsequently, data were averaged across both years and water qualities and presented separately for each irrigation system.
At the end of the establishment period, plots irrigated with potable water reached a higher coverage (91%) than those irrigated with saline water (87%), regardless of the irrigation system used (Table 6 ). Furthermore, when data were pooled across year and water quality, sprinkler-irrigated tall fescue reached greater coverage (93%) than tall fescue plots irrigated from the SCI system (84%) ( Table 4 ). Sampling year did not aff ect the fi nal coverage reached (Table 3) .
In Exp. 2, species and irrigation system had signifi cant eff ects on the fi nal cover (Table 3) . Th erefore, the data were fi rst averaged across water quality and irrigation system and presented separately for each grass species. Subsequently, the data were averaged across water quality and grass species and presented separately for each irrigation system. Regardless of which irrigation system was used or the level of water quality, tall fescue had 6% more fi nal cover than Kentucky bluegrass (90 vs. 84%, Table 5 ). Regardless of the species or the level of water quality, the sprinkler-irrigated plots had 22% more fi nal cover than the SCI plots (98 vs. 76%, Table 5 ). 
Days to 75% Cover
Th e eff ect that irrigation system had on DAS75 depended on the year (Table 3 ). In 2010, there was no diff erence in DAS75 between irrigation systems, but in 2011, capillary-irrigated tall fescue plots required 71 more days to reach 75% cover than sprinkler-irrigated plots (248 vs. 177 DAS, Fig. 4) .
In 2011, species and irrigation system had an eff ect on DAS75 (Table 3) . Tall fescue reached 75% cover in 31 fewer days than Kentucky bluegrass (Table 5) , and sprinkler-irrigated plots reached 75% cover 79 d sooner than SCI plots (Table 5) .
Soil Chemistry
Soil salinity values before beginning Exp. 1 did not diff er from values just before beginning Exp. 2 (data not shown). Th erefore, the application of potable water to the entire area by means of temporary and permanent sprinkler systems resulted in successfully leaching salts from the root zone. Due to the history of the soil having received irrigation for 1 yr, soil chemistry data were analyzed separately for each establishment period (Table 7) . During both years, soil EC was aff ected by the interaction of irrigation system and sampling month. Soil depth as a main eff ect and any of the interactions with soil depth were not signifi cant for the salinity parameters measured. Analyses of variance also revealed a signifi cant three-way interaction between water quality, irrigation system, and sampling month for both Na and SAR during both years (Table 7) .
When the data were pooled across water qualities and rootzone depth, SCI plots exhibited the highest EC values at the end of both establishment periods, averaging 2.9 dS m −1 in 2010 and 3.8 dS m −1 in 2011 (Fig. 5) . In March of both years, EC values from SCI plots were not diff erent from EC values measured on sprinkler-irrigated plots (Fig. 5) . Th e sampling month did not aff ect EC on sprinkler-irrigated plots. Electrical conductivity values for sprinkler-irrigated plots reached 0.7 dS m −1 in March and 0.9 dS m −1 in August 2010, and 0.8 dS m −1 in March and 1.0 dS m −1 in August 2011 (Fig. 5) .
In general, March 2011 being an exception, SCI plots had higher Na concentrations than sprinkler-irrigated plots (Table 8) . Th e highest values of Na were observed in August on plots that were subsurface capillary irrigated with saline water, resulting in 19.0 mmol c Na L -1 in 2010 and 26.3 mmol c Na L -1 in 2011. Subsurface capillary irrigation increased Na concentrations not only when saline water was used for irrigation but also when potable water was applied. Sodium concentrations in SCI plots watered with potable water of 7.2 mmol c L -1 in August 2010 and 9.2 mmol c L -1 in August 2011 were greater than values for SCI plots irrigated with saline water in March (4.6 and 4.1 mmol c L -1 , respectively; Table 8 ). Diff erences in SAR between sprinkler and SCI systems were not detected for any sampling date (Table 9) . Diff erences were measured in August of 2011, regardless of the water quality, and in March 2010 and August 2011 on plots irrigated with saline water. Th e SAR in sprinkler-irrigated plots using saline water reached 1.7 in March 2010 and 1.9 at the end of the establishment period (Table 9) . Conversely, the SAR in saline sprinkler-irrigated plots was measured at 1.6 in March 2011 and more than doubled (Table 9 ) by the end of the establishment period (3.8). Irrigation water also aff ected the SAR in 2010 on SCI plots. Th e SAR on plots that were subsurface capillary irrigated with saline waters reached 3.4 in March and 8.4 in August of 2010, whereas the SAR did not change with time (Table 9 ) on plots irrigated with the SCI system and potable water during the same year. In 2011, the SAR reached its highest values on SCI and saline-irrigated plots (13.0), followed by SCI plots using potable water (4.3). Both of these values increased sharply from March to August, when the SAR measured 1.8 and 1.4, respectively.
DISCUSSION
Seeding has been the preferred establishment method for lawns and landscape areas (Christians, 1998) but requires mitigation from surface salt accumulation to avoid seedling damage when saline water is used for irrigation. Germination and establishment are considered the most salt-sensitive stages in a plant's life, and ANOVA testing the effects of water quality, irrigation system, soil depth, sampling month, and their  interactions on electrical conductivity (EC) , Na, and the Na adsorption ratio (SAR) for Exp. 1 (2010) even moderately salt-tolerant turf species such as tall fescue can exhibit greater salt stress during establishment than as mature plants (Duncan et al., 2009) . Th e salinity levels of irrigation water used in this study were similar to those of recycled water commonly found in the Southwest (Huck et al., 2000; Duncan et al., 2009 ) and had no deleterious eff ect on the emergence or seedling density of tall fescue or Kentucky bluegrass (Table 3) . Th ese results support the fi ndings by Serena et al. (2012) , who documented no change in fi nal germination of tall fescue or Kentucky bluegrass when irrigated with saline water (EC of 2.2 dS m −1 ) compared with potable water.
While salinity eff ects were not observed, the type of irrigation had a signifi cant impact on emergence. Of the 19,000 seeds m −2 of tall fescue distributed across the plot, only 2800 seeds or 15% germinated aft er 30 d when water was applied from SCI (Table  4) . Similarly, only 2300 seedlings m −2 of Kentucky bluegrass out of 25,000 seeds m −2 or 9% emerged aft er 30 d (Table 6) . Emergence rates not only diff ered between irrigation systems but were also less uniform within the plots under SCI (data not presented). During both years of the study, germination was mainly observed on top of the drip lines and to a lesser extent in between the irrigation lines. In contrast, germination occurred more evenly on sprinkler-irrigated plots, regardless of the water quality or grass species used. Although surface soil moisture was not recorded, we believe that diff erences in water distribution uniformity may have caused sparse emergence between the drip lines and caused a delay in establishment. More research is needed to determine if increased germination and establishment can be achieved by decreasing the spacing between drip lines. Tall fescue established successfully 31 d sooner than Kentucky bluegrass (Table 6 ). Th ese results are in agreement with the fi ndings of Sherratt and Street (2005) , who also reported faster establishment of tall fescue compared with Kentucky bluegrass.
In 2010, SCI and sprinkler-irrigated plots reached 75% ground cover equally fast (Fig. 4) , whereas in 2011 the SCI plots required 79 more days than the sprinkler-irrigated plots to reach 75% ground cover (Table 6 ). Moreover, sprinkler irrigation resulted in greater ground cover than SCI at the end of the establishment period. Th ese results are in agreement with Schiavon et al. (2012) , who reported greater ground cover on sprinkler-irrigated bermudagrass and seashore paspalum than on subsurface-irrigated plots aft er the establishment period. Delays or failures in establishment in drip-irrigated warm-season grasses have also been documented by Maurer and Weeaks (2004) . Johnson (2007) , however, found both improved and delayed establishment in subsurface-irrigated tall fescue, depending on the cultivar used and concluded that rooting depth might infl uence establishment from subsurface irrigation. Th e increased rooting depth of tall fescue compared with other cool-season grasses was also suggested by Sevostianova et al. (2011a) as a salinity avoidance mechanism. Regardless of the ability of the plants to extract water at deeper depths, the delayed establishment during the second year of the study may have been caused by the large distance between drip lines, coupled with limited rainfall. Cote et al. (2003) demonstrated that in highly permeable soils, the wetting depth of drip emitters prevails over the wetting width. Th erefore, as the distance between lines increases, more rainfall would be necessary to keep the area between drip lines adequately moist. A total of 65 mm of rain fell in Las Cruces between the end of October 2010 and the end of August 2011. Together with high ET rates, the lack of natural precipitation could have caused the slower establishment during the second year of the experiment. Th ese results show that, especially in highly permeable sandy soils, the spacing of the drip lines, even if covered with a patented fabric, needs to be chosen carefully. Th e 60-cm spacing of SCI drip lines is wider than the current 30-cm industry recommendations for standard drip lines (Toro Co., 1998) . Th e greater distance was chosen for economic reasons to off set the higher cost for the fabric-covered drip lines. Although soil moisture uniformity was not recorded during the study, the visual appearance of the SCI plots, particularly during the second year of the study, led to the conclusion that the sprinkler-irrigated plots exhibited greater distribution uniformity than the SCI plots.
Analysis of the soil test results revealed that the root zone in plots irrigated by the SCI system was more prone to a salinity buildup than the root zone of sprinkler-irrigated plots. Th ese results are in agreement with those of Sevostianova et al. (2011a) , who reported that sprinkler irrigation is more effi cient than SDI in leaching salts from the root zone. Schiavon et al. (2012) found that SDI increased salinity in comparison with sprinkler irrigation when bermudagrass and seashore paspalum were established with saline water. Th ey concluded, however, that moderately saline irrigation water did not negatively aff ect the establishment of the tested warm-season species. No published studies have investigated the movement of water and salts in the root zone when water is applied by SCI. Th ese results indicate that depth, or its interaction with other factors, did not aff ect EC, Na, or SAR in the top 20 cm of the soil. Th ese results suggest that the geotextile layer surrounding the SCI lines may distribute water and salts more evenly than conventional SDI; however, increased salinity in the top 20 cm compared with sprinkler irrigation also indicates that the combination of SCI with saline water is deleterious to the establishment or maintenance of salt-sensitive cool-season grasses. At the end of each growing season, SCI plots exhibited the highest EC values (Fig. 5) . In August, Na concentrations were higher in SCI plots than in sprinkler-irrigated plots regardless of the type of water applied (Table 8) . Th is resulted in higher SAR values at the end of each establishment period in subsurface-irrigated turf. Further research is needed to investigate if salinity accumulation in SCI turf can be mediated by modifying irrigation run times, or if natural precipitation is the only means to enhance the leaching of salts between SCI lines. During the fi rst year of establishment, when summer precipitation amounted to 119 mm, no diff erences were detected in SAR between SCI and sprinkler plots irrigated with potable water . In 2011, when rainfall totaled 64 mm, differences in SAR were recorded between irrigation systems with both water qualities. Moreover, a SAR level of 13.0 was detected in saline SCI plots at the end of the second experiment (Table 9) . Th is value, coupled with 26.3 mmol c L -1 of Na (Table 8) and EC values as high as 3.8 (Fig. 5) , not only prevented cool-season grasses from establishing faster and reaching greater coverage by the end of the growing period but may also be detrimental to long-term survival of cool-season turfgrasses.
Our results suggest that a subsurface capillary irrigation system, which consists of membrane-enclosed tubing, can be used to establish cool-season grasses without the help of an additional sprinkler system. Establishment can be delayed, however, without suffi cient precipitation to help wet the areas and leach salts between the irrigation lines. Th e manufacturer-recommended spacing of 60 cm between the SCI lines resulted in sparse ground cover between the lines and may have resulted in salt accumulation on the plots. Further research is needed to determine the eff ects, if any, of such elevated salinity levels on the quality of cool-season grasses aft er establishment and if warm-season grasses can sustain salinity levels found at the end of the establishment periods better than cool-season grasses.
